Thiovulum sp. was only 83% homologous with either of the two clusters. Based upon the sequence data, we suggest that all members of the campylobacter cluster should be placed in the genus Campylobacter. However, formal resolution of the taxonomic status of the campylobacter cluster may require additional information provided by other experimental methods.
Species of Campylobacter are important pathogens in humans and animals (3, 18, 31) . In human oral cavities, Campylobacter concisus and phenotypically similar species from the genera Wolinella and Bacteroides are often present in periodontal pockets of patients with gingivitis or periodontal disease (7, 19, 20, 32, 38) . Wolinella recta, in particular, has been implicated as a pathogen inasmuch as elevated concentrations of this species have been detected at sites of active periodontal breakdown (7, 32) . It has been suggested that wolinella-like microorganisms which colonize human oral cavities of patients with inflammatory bowel disease play a potential role in the pathogenesis of the disease (43) .
W . recta, Wolinella curva , Bacteroides gracilis, and Bacteroides ureolyticus have been recovered from extraoral infections as well as oral infections, making them of general medical concern (8, 9, 12, 13, 29, 33, 36) .
Classification of asaccharolytic gram-negative rods has classically been based upon comparisons of colony and cell morphology, growth characteristics, antibiotic susceptibility, biochemical tests, and guanine-plus-cytosine (G+ C) content of the deoxyribonucleic acid (DNA) (1, 10, 31, 34, 35, 37, 39) . Unfortunately, differentiation of species has often relied upon differences in only a few traits. For example, W . recta and B. gracilis are metabolically identical and differ only in motility and cell morphology. W . recta is motile by means a single polar flagellum, whereas B . gracilis lacks any flagellar apparatus but possesses twitching motility. Cells of W . recta are characterized by their rounded ends, whereas cells of B. gracilis often possess tapered ends (35) . Some of the more difficult problems in species identification have been resolved by the use of serological techniques (1) and by determination of protein profiles (34) . DNA-DNA hybridization has also been useful for species identification, although not for routine identification (28, 34, 36, 40) . An equally important taxonomic problem has been placing organisms in the proper genus. This has always been particularly difficult for microorganisms that have few positive biochemical traits, such as species within the genera Campylobacter and Wolinella. Tests that are most useful for assigning species to genera, such as ribosomal ribonucleic acid (rRNA)-DNA homology, rRNA sequencing, or microcomplement fixation of glutamine synthetase (2), have not been applied to this group of organisms. rRNA sequencing appears to be the most powerful of these techniques and has proven to be highly effective in establishing both distant and close phylogenetic relationships among bacteria (23, 45, 47) . Over 400 microorganisms have been analyzed by 16s rRNA oligonucleotide cataloging (45, 47), and 16s rRNAs from a few bacterial species have been completely sequenced (11) . This technique has provided the basis for dividing eubacteria into 11 major phyla (45, 47) . A technique for rapid partial sequencing of 16s rRNA for phylogenetic analysis has been described by Lane et al. (16) . This technique is a modification of the Sanger dideoxynucleotide chain termination method in which primers complementary to universally conserved regions of the 16s rRNA are elongated by using reverse transcriptase. It is possible with this technique to obtain 800 to 1,000 bases of sequence information for an organism in less than 1 week. In this study 16s rRNA partial sequencing was used to examine the phylogeny of Campylobacter, Wolinella, and certain Bacteroides species, A phylogenetic analysis was performed by using our sequence data and relevant previously published campylobacter and eubacterial sequences, which included partial sequences for six Campylobacter species reported by Romaniuk et al. (27) . (46) . A, Adenine; C, cytosine; G, guanine; U, uracil; N, base positions that could not be clearly identified; -. deletion relative to other sequences; ., unsequenced bases. The secondary structure of the 16s rRNA was a major guide in aligning sequences for comparisons. and FDC 484T; Campylobacter fetus subsp. intestinalis VPI H641; Campylobacter sputorum subsp. bubulus ATCC 33491 ; Bacteroides gracilis ATCC 33236T; and Bacteroides weolyticus ATCC 33387T. Bacteria were cultured at 37°C in commercially available Mycoplasma Base broth (BBL Microbiology Systems, Cockeysville, Md.) supplemented with 0.2% ammonium formate, 0.3% disodium fumarate, and 0.5 mg of hemin per ml under an 80% N,-10% CO,-lO% H, a.tmosphere. B . ureolyticus was grown under similar conditions, except that the medium used for growth was commercially available Todd-Hewitt broth (BBL) supplemented with the same concentrations of ammonium formate, disoclium fumarate, and hemin. Bacterial cells were harvested in the late logarithmic growth phase.
MATERIALS AND METHODS
Isolation and purification of RNA. Ribonucleic acid (RNA) was isolated and partially purified by a modification of the procedure of Pace et al. (24) . Briefly, 0.4 to 0.6 g (wet weight) of cells was suspended in 2 ml of buffer containing 50 rnM tris(hydroxymethy1)aminomethane (Tris) hydrochloride (pH 7.3), 5 mM MgCl,, 0.5 M NH,Cl, and 20 pg of deoxyribonuclease per ml and then lysed in a French pressure cell at 12,000 lb/in2. The cell lysate was extracted three times with 1 ml of cold phenol, and the crude RNA was precipitated twice with 2.5 volumes of absolute ethanol. The KNA precipitate was dissolved in 0.5 ml of 10 mM Tris hydrochloride (pH 7.5)-1 mM MgCI,. The high-molecularweight RNA (16s and 23s) was precipitated by adding 0.5 ml of 4 M NaC1-1 mM MgC1,-10 mM Tris hydrochloride (pH 7.5) and incubating the preparation at 4°C overnight. After centrifugation, the pellet was dissolved in 3 mM disodium ethylenediaminetetraacetate, and then 0.1 volume of 2 M sodium acetate was added to the solution. The RNA was precipitated again with 2.5 volumes of absolute ethanol. Finally, the RNA was dissolved in 10 mM Tris hydrochloride (pH 7.4) and adjusted to a concentration of 2 mg/ml, as judged by optical density at 260 nm. Protein contamination of the RNA preparation was examined by measuring the ratio of optical density at 260 nm to optical density at 280 nm. Samples with a ratio of optical density at 260 nm to optical density at 280 nm of more than 2.0 were judged to be sufficiently pure for use as templates for sequencing reactions. The RNA was stored at -70°C.
16s rRNA sequencing. RNA was sequenced by a modification of the standard Sanger dideoxynucleotide chain termination method in which reverse transcriptase was used to elongate primers complementary to universally conserved regions of 16s rRNA (16) . 2',3'-Dideoxy nucleotide triphosphates and 2'-deoxy nucleotide triphosphates were purchased from Pharmacia P-L Biochemicals, Piscataway, N. Data analysis. A program set for data entry, editing, sequence alignment, secondary structure comparison, homology matrix generation, and dendrogram construction for 16s rRNA data was written in Microsoft QuickBASIC for use on IBM PC-AT and compatible computers (manuscript in preparation). This program set is available upon request from F.E.D. Autoradiographs were read on a light box, and the sequence data were entered into the computer data base independently by two investigators. The sequences were compared, and any discrepancies were resolved by reexamining the X-ray film. Sequences were aligned with previously entered sequences, including previously published sequences from the following eubacteria: Agrobacterium tumefaciens, Pseudomonas testosteroni, E. coli, Proteus vulgaris, Bacillus subtilis, Heliobacterium chlorum, Mycoplasma capricolum , Bacteroides fragilis, Flavobacterium heparinum, Desulfovibrio desulfuricans, Myxococcus xan-VOL. 38, 1988 PHYLOGENY OF CAMPYLOBACTER-LIKE ORGANISMS 59 thus, and Anacystis nidulans (11) . Highly conserved regions were used for initial alignments. Alignment of less conserved regions was aided by analysis of secondary structure. Helical and nonhelical regions were identified and aligned with corresponding regions of previously published sequences (11, 46) . Discrepancies in the expected secondary structure were verified or corrected by reexamining the sequencing autoradiographs. Similarity matrices were constructed comparing only those regions that could be unambiguously aligned (16) . The similarity matrix was corrected for multiple base changes at single locations by the method of Jukes and Cantor (15) . Dendrograms were constructed by the modified unweighted pair group method of Li (17) .
RESULTS AND DISCUSSION
The partial sequences for the eight species examined are shown aligned with the E. coli sequence (46) in Fig. 1 . The number of bases determined for these species ranged from 902 to 998. Table 1 shows a sequence homology matrix for the species in Fig. 1, Bacteroides fragilis (44) , and additional Campylobacter species recently described by Romaniuk et al. (27) . A dendrogram representing the phylogenetic relationships of these species is shown in Fig. 2 . The modified unweighted pair group method (17) allowed construction of a tree with unequal branch lengths. For example, Campylobacter laridis and Thiovulum sp. have longer branch lengths than W. curva and W. succinogenes because they have incorporated more base changes relative to distant species. The exact branching order for the more tightly clustered species in Fig. 1 (C. fetus through C. sputorum) was sensitive to choice of outgroup. For example, when E. coli rather than B. fragilis was used as an outgroup, the branching order was C. fetus, C. concisus, B. ureolyticus, C. sputorum, ( W . recta and B. gingivalis), and W . curva. However, a change in outgroup did not change the composition of the major clusterings.
The sequences for C. fetus subsp. intestinalis and C. sputorum subsp. bubulus shown in Fig. 1 differed slightly from the sequences for C. fetus subsp. fetus and C. sputorum subsp. sputorum published previously by Romaniuk et al. (27) . The differences, 0.3% for the two C. fetus subspecies and 0.7% for the two C. sputorum subspecies, were attributed to strain differences.
The sequences for C. concisus FDC 288 and FDC 484T did not differ in approximately 700 base comparisons (data not shown). For the purposes of this study, these strains were considered identical, and the RNA sequence for strain FDC 288 was used for data analysis.
As shown in Fig. 2 . (27) . W. succinogenes and C. pylori formed a cluster with a level of interspecies homology of 90.4%. The average level of homology for these two species with members of the campylobacter cluster was 85.1%. Partial sequence data (unpublished) for a campylobacter-like organism from a ferret stomach indicated that it is also a member of the W . succinogenes-C. pylori cluster. In agreement with Romaniuk et al. (27) , we concluded that C. pylori is not a true campylobacter. The taxonomic relationship of C. pylori to W . succinogenes needs further examination. Thiovulum sp. did not belong to either cluster (average PASTER AND DEWHIRST INT. J . SYST. BACTERIOL. levels of homology to the W . succinogenes-C. pylori cluster and the campylobacter cluster, 83.8 and 83.2%, respectively).
The homology data which we obtained clearly indicate that Bacteroides gracilis and Bacteroides ureolyticus are not true bacteroides (average level of homology with Bacteroides fragilis, 71.5%) but rather belong to the campylobacter cluster (average level of homology, 93.6%). It has been suggested previously that Bacteroides ureolyticus should be removed from the genus Bacteroides based upon a lack of relationship to other Bacteroides species as determined by DNA-DNA homologies, biochemical tests, and protein profiles (30, 41) .
The homology data which we obtained also indicate that W. recta and W . curva are not true wolinellas, as they are more closely related to the campylobacter cluster (average level of homology, 94.7%) than to W . succinogenes (average level of homology, 87.8%). The primary reason for placing these species in the genus Wolinella rather than the genus C'ampylobacter was based primarily on the G + C content of the DNA (35) .
We believe that the results of this study warrant placing all members of the campylobacter cluster in the genus Campylobacter. However, B. gracilis and B . ureolyticus are nonmotile, and B , gracilis, W . recta, and W . curva have Ci+C contents of 42 to 47 mol%, values which are significantly above the accepted campylobacter range of 30 to 38 niol%. The presence or lack of polar flagella has been shown to be variable even within species. For example, there are motile and nonmotile strains of E . coli (4) . Differences in C;+C contents of 17 mol% are a more significant problem, as current taxonomic practice discourages placing species having significantly different DNA G+C contents in a single genus (14) . W . succinogenes has a G+C content of 44 to 49 mol% (37), B. gracilis has a G + C content of 44 to 46 mol% (33, W . recta has a G + C content of 42 to 46 mol% (37, 40) , W . curva has a G+C content of 42 to 47 mol% (36), species of Campylobacter have G+C contents in the range from 30 to 38 mol% (3, 31, 35) , and B. ureolyticus has a relatively low G+C content (28 to 30 mol%) (12) . Although it is generally accepted that closely related organisms should have similar DNA G + C contents, this hypothesis has little direct experimental support. Until we understand the nature of the selective forces that perturb DNA G+C contents, it is impossible to say a priori how fast G+C contents could diverge for closely related species. At present, the best information on G + C variations in bacteria is on the genomic location of the variation. Muto and Osawa (22) have shown that changes in G + C content occur primarily in spacer DNA and in the third codon position of protein coding regions. Finally, the grouping together of bacteria which possess a wide range of G+C contents is not unprecedented. Species of Treponema which have been shown to be closely related vary in G + C contents by as much as 18 mol% (25) . Similarly, species of Mycoplasma which cluster phylogenetically as determined by 5s rRNA sequence homologies differ in G+C contents by as much as 17 mol% (26) . Members of the campylobacter cluster all possess the following traits: they are gram-negative rods, asaccharolytic, and microaerophilic (those classified as anaerobic can live in the presence of 2 to 5% oxygen), produce H,S, reduce fumarate to succinate, and reduce nitrate. In addition, most strains can use formate as an electron donor (31, 34, 35, 37) .
Resolution of the taxonomic status of the campylobacter cluster will probably require additional information provided by other experimental methods. Evidence to support or contradict placing all species of the campylobacter cluster in the genus Campylobacter could come from studies of rRNA-DNA hybridization, from microcomplement fixation studies of enzymes such as glutamine synthetase, or from finding unique biochemical markers for this cluster. For example, C. fetus, C. jejuni, C. coli, C. laridis, C. fecalis, C. concisus, C. sputorum, and other related strains have been shown to contain a novel isoprenoid quinone, methyl-substituted menaquinone 6 (*MK-6), reportedly not found in other bacteria (5, 21) . This work should be extended to include all members of the campylobacter cluster, W . succinogenes, C. pylori, and Thiovulum sp. as *MK-6 may be a valuable chemotaxonomic marker.
The existence of C. fecalis as a species distinct from C. sputorum has been questioned by studies of DNA-DNA homology and protein profiles (6, 28, 42) . Lau et al. (16a) have determined a limited partial rRNA sequence of C'. fecalis, which we compared with that determined for C. sputorum. In 223 base comparisons, there was only one base difference (99.6% homology). A comparison of C. fecalis with the other members of the campylobacter cluster yielded levels of homology of only 94%. These data indicate that C. fecalis and C . sputorum are simply strains belonging to the same species, as previously concluded.
The relationship of the genera Campylobacter, Wolinella , and Thiovulum to other eubacteria was examined by comparing the levels of sequence homology of these organisms with 12 eubacteria from five eubacterial phyla (see above). The levels of homology were in the 70 to 80% range (data not shown). Of the five eubacterial phyla in our comparison, campylobacters, wolinellas, and Thiovulum sp. showed the highest level of homology to the purple photosynthetic bacteria. Lau et al. (16a) have suggested that wolinellas and campylobacters are a branch of the purple photosynthetic bacteria based upon secondary structure considerations. Romaniuk et al. (27) have suggested that the campylobacters and wolinellas are sufficiently different from other eubacterial groups to warrant placing them in a separate phylum. Our analytical methods for tree inference are not sufficiently powerful to resolve this issue. Additional full-length 16s rRNA and possibly 23s rRNA sequences will probably be necessary to clearly resolve relationships at the deepest p h ylogenetic level.
The scarcity of positive biochemical tests among the gram-negative, anaerobic-microaerophilic, asaccharolytic rods has made it difficult to accurately assign these organisms to species or even genera. In an attempt to address this taxonomic problem, we used 16s rRNA sequencing to help clarify the phylogeny of species in the genera Campylobacter and Wolinella and certain species of Bacteroides.
